Candida glabrata (C. glabrata) forms part of the normal human gut microbiota but can cause 17 life-threatening invasive infections in immune-compromised individuals. C. glabrata displays 18 high resistance to common azole antifungals, which necessitates new treatments. In this 19 investigation, we identified five C. glabrata deletion mutants (∆ada2, ∆bas1, ∆hir3, ∆ino2 20 and ∆met31) from a library of 196 transcription factor mutants that were unable to grow and 21 activate an immune response in Drosophila larvae. This highlighted the importance of these 22 transcription factors in C. glabrata infectivity. Further ex vivo investigation into these 23 mutants revealed the requirement of C. glabrata ADA2 for oxidative stress tolerance. We 24 confirmed this observation in vivo whereby growth of the C. glabrata Δada2 strain was 25 permitted only in flies with suppressed production of reactive oxygen species (ROS). 26
4
S. cerevisiae has been known to form agar invasive pseudohyphal under in vitro starvation 65 conditions and it has been reported that C. glabrata also form pseudohyphae in vitro [12, 13] . 66
In vivo, C. glabrata persist through endocytosis with hardly any host cell damage. Because of 67 this low host cell damage, the cytokine profile of C. glabrata-infected epithelia differs 68 significantly from that of C. albicans-infected cells [16] . Infection with C. albicans leads to a 69 stronger pro-inflammatory cytokine response than C. glabrata due to the presence of hyphae 70 and host cell damage. As a result, this leads to a strong neutrophil infiltration typical of C. 71 albicans infection whereas infection with C. glabrata is associated with mononuclear cells 72 [17, 18] . 73
Once within the host, survival and the establishment of infection depends on the ability of C. 74 glabrata to mount efficient responses to a changing, stressful environment acquire often 75 limited nutrients and effectively evade the immune response. 76
The intrinsic resistance of C. glabrata to oxidative stress is of particular note [19, 20] . The 77 oxidative burst elicited by immune cells is a first line of defence against invading 78 microorganisms [21] . The ability to detoxify such reactive oxygen species (ROS), via the 79 expression of detoxifying enzymes (catalase and superoxide dismutase) and production of 80 antioxidants glutathione and thioredoxin, is important for surviving immune attack [22] . For 81 example deletion of SKN7, a transcription factor mediating the oxidative stress response, 82 attenuates C. glabrata virulence in a murine model of disseminated candidiasis [23] . The C. 83 glabrata oxidative stress response is homologous to its S. cerevisiae counterpart [11] 84 therefore additional mechanisms must contribute to increased oxidative stress resistance in C. 85 glabrata. The above suggest that knowing the networks orchestrating C. glabrata responses 86 to the host environment would be highly beneficial in understanding C. glabrata infection. 87
Once C. glabrata has expanded to internal organs, its high resistance to common azole 88 antifungals makes it hard to treat [10, [24] [25] [26] [30, 37] . We determined that GI infection of wild type larvae 126 with wild type C. albicans resulted in 83% of larvae reaching adulthood whereas 70% of 127 larvae deficient for NF-κB-driven pathways developed into adults. In particular, the gut 128 commensal bacteria community was beneficial as only 58% of germ-free larvae survived to 129 adults while even less immune-compromised germ-free larvae (22%) developed into adults 130 following infection with C. albicans [30] . Despite C. albicans being restricted to the gut, it 131 still caused systemic infection as detected by drs expression from the fat body. Using a 132 similar feeding protocol, we established a GI infection model for C. glabrata in Drosophila. 133
We screened a library of deletion mutants including 196 C. glabrata transcription factors and 134 we identified five that did not grow or activate systemic immunity in larvae. From this study, 135 we propose that ADA2 mediates C. glabrata defences against ROS. C. glabrata deficient for 136 ADA2 was highly sensitive to very low concentrations of H 2 O 2 (a hallmark of oxidative 137 stress) ex vivo. Inside the host, the ADA2 mutant was only able to grow in ROS-suppressed 138
Drosophila while wild type C. glabrata with an additional copy of ada2 was able to grow 139 7 and kill wild type larvae. We propose that ADA2 could be a potential target to diminish C. 140 glabrata growth during infection. 141
142
Results 143
The host response following C. glabrata GI infection 144
To establish an oral infection screen for a C. glabrata mutant library, we developed a third 145 instar larval yeast-feeding protocol (see material and methods for details). Briefly, we fed 146 larvae a C. albicans or S. cerevisae or C. glabrata/banana mixture while in parallel to each 147 infection, larvae fed with banana only, served as our control. For these experiments we made 148 use of third instar w 1118 larvae (a wild type strain and the genetic background of the mutant fly 149 strains used in this study). First, we determined the dynamics of host immune triggering after 150 GI infection with reference yeast strains compared to the banana-only control (Figs 1A-C). 151
As a measure of Toll pathway activity we monitored drs mRNA levels at specific time-points 152 infected with the reference C. glabrata strain Cg2001H (Fig. 1E ). This confirmed a systemic 158 response after feeding and was reminiscent of the same result in C. albicans infection [37] . In 159 addition, there was significant increase in ROS production in Cg2001H-infected larvae over 160 and above the banana control ( Fig. 1F ). Finally there was a significantly reduced survival of 161 GI infected larvae at 24h compared to both the banana control and to non-infected larvae 162 ( Fig. 1G ). Of note, compromised survival of w 1118 was not an effect of that specific genetic 163 background as it was also observed in Oregon R and w 1118 ; drs-GFP larvae (Figs. S1A, S1B). 164 8
Exploring individual strain infectivity in a library of C. glabrata deletion mutants 165
After establishing the feeding protocol to outline the host response to C. glabrata GI 166 infection, we used the system to screen a library of C. glabrata deletion mutants (TFKO 167 library) for their ability to activate the Toll pathway. The library included deletions of 196 C. 168 glabrata transcription factors (TF), with well-characterised roles in other yeast species [46] . 169
In this manner, we would be able to pinpoint to gene regulatory networks organised by 170 specific transcription factors that are involved in infectivity. Table S1 presents all the strains 171 used for the screen. We used w 1118 ; drs-GFP as a proxy for immune induction and virulence. 172
Five of the 196 C. glabrata TF mutants (∆ada2, ∆bas1, ∆hir3, ∆ino2, ∆met31) did not 173 activate drs expression at 24h following infection ( Fig. 2A ). To ascertain that this 174 phenomenon was due to the deleted TFs, complementation strains were constructed. 175
Complemented strains were able to activate drs to a degree that was statistically 176 indistinguishable from the C. glabrata reference strain, Cg2001H (Fig. 2B) . In contrast, this 177 was not the case when the TFKO strains were complemented with just the empty vector ( Fig.  178 S2A; for a list of the complementation strains used see Table S1 ). We used Colony Forming 179 Units (CFUs) to monitor the presence of Cg2001H inside GI infected larvae. W 1118 ; drs-GFP 180 larvae presented similar kinetics with w 1118 larvae ( Fig 2C and Fig. 2D respectively), with 181
Cg2001 cleared at approx. 64h post-feeding. In contrast, immune-deficient w 1118 ; dif-key 182 larvae showed delayed clearance with a considerable CFUs of Cg2001H still at 96h post-183 feeding ( Fig. 2E ). Direct comparison between w 1118 and w 1118 ; dif-key larvae showed that at 184 48h post-infection, there was a significant difference in CFUs with a 24h difference in 185 clearance ( Fig. 2F ). Nevertheless, the five TFKO strains that did not activate drs in our screen 186
were cleared significantly faster than Cg2001H with zero or much lower CFU count at 24h 187 post-infection ( Fig. 2G ). 188 189 9 Ex vivo phenotypic characterisation of C. glabrata TF mutants failing to activate 190
Drosophila immunity. 191
To pinpoint a mechanism by which the C. glabrata mutants may be cleared in the larval host, 192 the mutants were tested for growth on several conditions relating to the host environment. 193
This included nutrient limitation tolerance, pH and temperature sensitivity and susceptibility 194 to antifungals ( Fig. 3A ; for a list of all ex vivo conditions tested see Table S2 ). C. glabrata 195 ∆bas1 and ∆hir3 grew similarly to the parental strain Cg2001 under all stress conditions 196 tested while ∆ino2 was susceptible to 0.01%SDS (Fig. 3A ). In addition, ∆met31 was 197 susceptible to H 2 O 2 , 20mM HU and 0.01% SDS (Fig. 3A) . The most susceptible phenotypes 198
were observed for C. glabrata ∆ada2 which was susceptible to growth on 10 out of 13 of the 199 tested conditions relating to growth under decreased temperatures, nutrient limitation, 200 oxidative stress, cell membrane stress, cell wall stress and antifungal drug tolerance (Fig 3B,  201   Table S3 ). 202
The five TF deletion mutants were further investigated for any possible dysfunctions, which 203 may relate to their reduced ability to persist in the larval host. Initially, we monitored growth 204 under non-stressed conditions at 30 o C. Outside the host, all mutant strains displayed growth 205 curves comparable to the reference strain ( Fig. S3A ). These growth rate measurements 206 indicated that these TF mutants were not growth-defective. However, C. glabrata Δada2 and 207
Δbas1 deletion mutants displayed an increased generation time (Fig. S3B) . 208
The susceptibility of C. glabrata ∆ada2 to oxidative stress inducing agents H 2 O 2 and 209 menadione were of particular interest since increased levels of ROS were recorded upon 210
Cg2001H infection in earlier experiments ( Fig 1F) . Therefore, we explored the hypothesis 211 that ADA2 was indispensable for resistance to toxic levels of oxidative stress, something that 212 would be the case when encountering the localised epithelial immune response of the 213 Drosophila GI tract. 214 10 215
The role of the C. glabrata TF ADA2 in Drosophila GI infection. 216
The Drosophila dual oxidase (dDuox) has been shown to regulate ROS in the fly intestine 217
[45]. When dDuox was knocked down in enterocytes (w 1118 ; np1-GAL4; Duox RNAi ), larval 218 survival following GI infection with Cg2001H was significantly reduced (Fig. 4A ). This 219 showed that absence of ROS production increased susceptibility of larvae to GI infection. In 220 contrast, survival of these larvae following infection by the Δada2 deletion mutant was 221 significantly improved compared to Cg2001H (Fig. 4A ). This showed that when both host 222 ROS production as well as pathogen ROS defences were absent larval survival was largely 223 restored. This was not the case when Δada2 was complemented with a wild type copy of the 224 ada2 gene (Fig. 4A) . Consistent with the role of ada2 in the process, complementation of the 225
Δada2 mutant with an empty vector did not compromise larval survival (Fig. 4A ). Finally, 226
adding an extra copy of the ada2 gene in the Cg2001H reference strain made the latter more 227 virulent than normal when host ROS production was supressed (Fig. 4A ). This underlined the 228 role of ada2 as a major regulator of C. glabrata virulence beyond ROS defences in the 229 context of gastrointestinal infection. In contrast, none of the other mutants compromised 230 larval survival when overexpressed (Fig. 4B ). 231
The above increased pathogenicity was further confirmed in various strains like the GAL4 232 and RNAi lines used to supress ROS production ( Fig S4A and S4B respectively) , w 1118 (as 233 the genetic background of all of the mutants used; Fig. S4C ) and Oregon R flies (as an extra 234 genetic background; Fig. S4D ). Overexpression strains of the rest of the hits were also 235 constructed (Table S1 ) and their pathogenicity was examined in the same host background 236 like the ada2 overexpression strain. Survival of larvae showed that hyper virulence of ada2 237 overexpression was unique among the other TFKO hits of the original screen (Fig. 4C) . 238 11 CFU measurements revealed that there was an expansion of both Cg2001H and Cg2001H 239 overexpressing ada2 (Cg2001H::pADA2) when Duox gene expression was knocked-down 240 ( Fig. 4C ) resulting in increased larvae lethality. However, in case of infection of a wild-type 241 host strain (with normal ROS production) there was a significant increase in CFUS of 242 Five deletion mutants from the TFKO library showed accelerated clearance and inability to 286 induce an immune response inside the host. Growth curves of the 5 deletion mutants showed 287 that all the mutants were able to successfully grow at 30°C in YPD media, outside of the host. 288
Moreover, the generation times for the 5 deletion mutants were similar, with ∆ada2 and 289 ∆bas1 displaying though a marginally shorter generation time than the other strains. 290
Nonetheless, all the deletion strains did not display any detectable growth defects that would 291 be the cause of its rapid elimination from the host. The ability of the deletion mutants to grow 292 under different stress conditions included tests for nutrient limitation tolerance, sensitivity to 293 antifungals, defects in cell wall/membrane and sensitivity to oxidative stress conditions, for 294 example. All but one strain were able to grow under all the conditions, albeit reduced and 295 limited growth was observed. However, ∆ada2 deletion mutant showed high sensitivity to the 296 oxidative stress conditions with very restricted or no growth. As previously mentioned, wild 297 type C. glabrata has shown to grow in extremely high H 2 O 2 conditions [49]. Thus, the 298 inability of ∆ada2 mutants to grow in low H 2 O 2 conditions indicated that the ada2 gene is 299 essential for its resistance to the ROS-mediated immune defense in the Drosophila 300 14 gastrointestinal tract. To this direction, ∆ada2 mutant was investigated further using ROS-301 suppressed flies. 302 303 ∆ada2 mutant and the interaction with host-generated ROS 304 The open reading frame (ORF) of ada2 in C. glabrata is CAGL0K06193g and is known to be 305 involved in the transcriptional activation of RNA polymerase II. Moreover, ortholog(s) are 306 also implicated in chromatin binding and histone acetyltransferase. This suggests that the 307 gene function of ada2 is very broad and is likely to be involved in the activation of various 308 proteins. Ex vivo experiments clearly showed that ∆ada2 deletion mutants were highly 309 sensitive to various oxidative stress conditions suggesting that among the many functions of 310 this gene, it is also involved in resistance to oxidative stress like the ROS-mediated immune 311 defence in Drosophila. In C. albicans, ROS affects only cells exposed to phagocytosis and 312 epithelial immunity rather than those in systemic infection [50] . Mechanisms to avoid or 313 defend against host ROS in this fungus include extracellular anti-oxidant enzymes of the 314 super dismutase (SOD) family of enzymes [51, 52] . 315
Larvae with supressed ROS production were able to survive to pupae like wild type strains, 316
indicating that the lack of ROS synthesis in the gut had no impact on survival under normal 317 conditions. However, infection with wild type C. glabrata resulted in a significant decrease in 318 survival. Interestingly, the percentage of ROS suppressed larvae developing into pupae was 319 significantly more when infected with ∆ada2 than when challenged with wild-type C. 320 glabrata, Cg2001H. This indicated that in the absence of the ada2 gene, ROS suppressed 321 larvae were able to survive better. This made ada2 a good candidate to mediate transcription 322 related to ROS resistance in C. glabrata. When ada2 gene was re-introduced, virulence The inoculum was pelleted by centrifuging at 4°C at 4000 rpm for 4 minutes and the 365 supernatant was discarded. The pellet was washed in 10mL of 1X PBS and centrifuged again 366 at 4°C at 4000 rpm for 4 minutes and the supernatant was discarded. A single banana was 367 homogenised and 450µL was added to 2mL eppendorf tubes. To this, 250µL of pathogen 368 (OD=200) was also added. As a control, banana without pathogen was used. Five-day (third 369 instar) larvae were collected by washing from the fly food and caught in a sieve. They were 370 starved for one hour before infection. ~100 larvae were added to each eppendorf tube, 371 plugged with breathable foam with space for fermentation and allowed to feed for 30 372 minutes. The mixture then was transferred to a standard fly medium and incubated at 30°C. 373
Lethality of larvae following infection was determined by counting surviving pupae. 48 hours 374 after infection. 375 17 376
TFKOs mutants screen 377
The transcription factor knockout (TFKO) library screen was conducted following the above 378 oral infection protocol in w 1118 ; drs-GFP 5-day old larvae. Two days after infection, pupae 379
were visualised under UV light to confirm that they were unable to activate immunity. 380
Further to this, drs-GFP were infected with the complement strain of each hit to re-confirm 381 that when the knocked-out gene was re-inserted, immunity would be activated. washed in 100% ethanol and sterile water. RNA was extracted using Purification Plus Kit 399 (48400, Norgen -Biotek, Canada) and cDNA was prepared from 0.5 µg total RNA using 400
Growth analysis 452
Overnight cultures of C. glabrata were normalised to OD600 0.1 in fresh YPD and distributed 453 into a flat-bottomed 96-well plate in 100 µl aliquots. Optical density readings were taken 454 every 10 minutes in a VersaMax™ Absorbance Microplate Reader set to 30 °C with shaking 455 between reads. Growth rate was measured by calculating the doubling time for each mutant 456 during exponential phase (OD600 0.4 -0.8). 457 458
